To improve production of functional fully ␥-carboxylated recombinant human clotting factor IX (r-hFIX), cell lines stably overexpressing r-hFIX have been engineered to also overexpress proteins of the ␥-carboxylation system. Here we demonstrate that siRNA silencing of calumenin, an inhibitor of the ␥-carboxylation system, enhances production of functional r-hFIX produced by engineered BHK21 cells. The production yield of functional r-hFIX was 80% in engineered cells where calumenin had been silenced 78%. We propose that this high-yield expres- 
Introduction
In the blood coagulation system, 7 proteins are dependent on the vitamin K-dependent ␥-carboxylation modification, 1,2 and fully modified and functional recombinant coagulation factors IX and VII and protein C have become important pharmaceuticals in treatment of hemophilia B, thrombosis, and sepsis. [3] [4] [5] However, the yield of functional recombinant proteins recovered from media from cells overexpressing vitamin K-dependent coagulation factors has been reported to be less than 10%. 6 With cloning of the ␥-carboxylase, 7, 8 there was hope that enhanced expression of recombinant ␥-carboxylase would increase synthesis and recovery of functional recombinant factor IX. On the contrary, cotransfection with a ␥-carboxylase cDNA construct resulted, unexpectedly, in a significant decrease in recovery. 9 We have reproduced this finding, 10 but the mechanism of inhibition still remains unknown.
In this article, we report our work on engineering a eukaryotic cell with enhanced capacity to produce fully ␥-carboxylated functional recombinant human factor IX (r-hFIX). Successful engineering was accomplished by overexpressing VKORC1 in BHK cells stably overexpressing r-hFIX. VKORC1 is proposed to be an 18-kDa subunit of the warfarin-sensitive enzyme complex vitamin K 1 2,3-epoxide reductase (VKOR) embedded in the endoplasmic reticulum (ER) membrane. 7, 11, 12 VKOR provides the ␥-carboxylase with reduced vitamin K 1 (VitK 1 H 2 ) cofactor 13 and is a rate-limiting step in vitamin K-dependent posttranslational ␥-carboxylation. 14-17 Previously, we have identified the ER chaperone protein calumenin as an inhibitor of vitamin K-dependent ␥-carboxylation. 12, 17 In this paper, we show that siRNA silencing of calumenin in BHK cells engineered to overexpress VKORC1 and r-hFIX significantly increases production of functional r-hFIX.
Materials and methods

Engineering of BHK cell lines overexpressing r-hFIX and proteins of the vitamin K-dependent ␥-carboxylation system
Cloning of VKORC1 and ␥-carboxylase cDNAs into the dual promoter vector plasmid pBUDCE4.1 (Invitrogen, Carlsbad, CA) and construction of the pLXIN retroviral vector (Clontech, Palo, CA) containing a human FIX construct as well as selection of clones of cells stably overexpressing the recombinant proteins are published in recent articles from our laboratory. As documented in the published studies, 10,17,18 it was found that BHK cells stably overexpressing r-hFIX and VKORC1 produced the highest amount of functional r-hFIX. These cells were selected for the studies described in this work.
Silencing of the ␥-carboxylation inhibitor calumenin in BHK cells
Hamster calumenin was cloned by our laboratory 17 using standard technology and the cDNA sequenced on both strands to eliminate cloning errors. The sequence has been deposited in GenBank under the accession no. gi:63148518. We provided Dharmacon RNA Technologies (Lafayette, CO) with the hamster calumenin cDNA sequence and ordered the siRNA SMART pool containing 50 nmol of a mixture of 4 oligonucleotides with potential for hamster calumenin mRNA destruction by RISC complexes. Transfection of the VKORC1 ϩ r-hFIX-overproducing BHK cell line with the siRNA SMART pool oligonucleotides was carried out with Lipofectamine (Invitrogen) according to the protocol provided by the company. As recommended by Dharmacon RNA Technologies, siRNA against human GAPDH was used as a positive control, and a negative control consisted of a mixture of 4 scrambled siRNAs. Following transfection, cells were grown in DMEM containing 10% fetal bovine serum, 500 g/mL G418, and 400 g/mL Zeocin for 24 hours. The attached cells were then washed 2 times with PBS and continued growing in DMEM without serum but with the addition of 5 g/mL vitamin K 1 (AquaMEPHYTON; Merck, Whitehouse, NJ). After 24 hours in the serum-free medium, medium was collected for r-hFIX purification and cells were harvested for VKOR and ␥-carboxylase activity measurements.
Purification of functional and nonfunctional r-hFIX from cell medium
Preparation of conformational-specific and nonconformational-specific immunoaffinity columns for purification of functional and nonfunctional r-hFIX, respectively, has been described recently in great detail by our laboratory for use in a tandem-designed chromatography system for isolation of the 2 different pools of r-hFIX. 10 Purification of fully ␥-carboxylated r-hFIX, with coagulation factor activity, is based upon the conformational change that the Gla region in the protein undergoes in the presence of Ca ϩϩ and the availability of antibodies that specifically recognize the Ca ϩϩ -induced conformation. 6, 10 The nonfunctional r-hFIX proteins in the medium were purified on an anti-human factor IX affinity column that recognizes all forms of human factor IX. 10 Cellular production of functional r-hFIX is reported as percentage of total r-hFIX produced by the cells. 10 As described in our previous article, 10 digitized images of immunoreactive protein bands of functional r-hFIX and nonfunctional r-hFIX on FUJI Medical X-Ray Film Super RX (Fisher Scientific, Pittsburgh, PA) were analyzed with Kodak 1D software (Eastman Kodak, Rochester, NY) to determine the integrated areas representing the protein bands. For determination of r-hFIX protein content, standard curves of Western blots with known purified human FIX were established and compared with unknown samples. All measurements were adjusted to be in the linear range of the standard curve.
Immunoprecipitation, SDS-PAGE, and Western blotting
Cells were lysed on ice for 30 minutes in radioimmunoprecipitation (RIPA) buffer (10 mM Tris, 150 mM NaCl, 0.1% SDS, 1% Triton-X100, 1% deoxycholate, 5 mM EDTA, pH 7.2) containing 10 g/mL of the Sigma Protease Inhibitor Cocktail for use with mammalian cell and tissue extracts (Protease Cocktail). After lysis, cell debris was removed by centrifugation at 12 000g for 30 minutes and the supernatant collected. Samples prepared for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were boiled for 2 minutes in the presence of 5% mercaptoethanol (ME). Samples were loaded onto 8% to 16% CRITE-RION SDS-PAGE gels and electrophoresed proteins transferred to PVDF membranes for Western blotting.
Enzyme assays
Warfarin-sensitive VKOR activity was measured as described 19 by estimating the percent conversion of vitamin K 1 2,3-epoxide (VitKϾO) to vitamin K 1 . ␥-Carboxylase activity was assayed as described 14 as 14 CO 2 incorporation into the synthetic peptide FLEEL (FLEEL ␥-carboxylation). The reaction was triggered by adding chemically reduced VitK 1 H 2 (100 g/mL) to the assay mixture. Blood-clotting activities of purified r-hFIX and plasma hFIX were determined with the activated partial thromboplastin time (APTT) kit APTT-SP (liquid)-0020006300 from Instrumentation Laboratory (Lexington, MA). In order to determine the specific activity of r-hFIX, a standard curve of dilutions of purified plasma hFIX was made. One unit of hFIX activity was defined as the activity of hFIX in 1 mL pooled human plasma.
Materials
Affinity-purified anti-human factor IX conformational-and nonconformational-specific antibodies were prepared by our laboratory as described. 10 Rabbit polyclonal affinity-purified anticalumenin antibodies were prepared by our laboratory as described. 12 Bovine and human factor IX purified from plasma were purchased from Enzyme Research Laboratories (South Bend, IN). All other chemicals used were of highest quality.
Results and discussion
In a previous paper, 10 r-hFIX-producing BHK cells were engineered to stably overexpress various proteins known to belong to the vitamin K-dependent ␥-carboxylation system. 20 Previously, we had also identified the ER chaperone protein calumenin as an inhibitor of chemically-reduced VitK 1 H 2 -triggered FLEEL ␥-carboxylation in microsomes. 17 Here, we set out to determine whether silencing of calumenin in our engineered BHK cells would improve production of functional r-hFIX.
siRNA SMART pool transfection
BHK cells stably overexpressing VKORC1 and r-hFIX were transfected with the various concentrations of the siRNA SMART pool shown in Figure 1 . The effect of siRNA silencing of ␥-carboxylase and VKOR activities is shown in Figure 1A and B, respectively, in addition to (1) Western blots of calumenin present in the different siRNA SMART pool-treated cells and (2) silencing of calumenin protein in percentage of the control (0 nM siRNA). In addition, blotting with an ␣-actin antibody is shown, which verified equal loading of protein in each lane. ␥-Carboxylase activity measured as FLEEL ␥-carboxylation increased 3-fold in cell cultures containing 150 to 200 nM of the siRNA SMART pool ( Figure 1A ). These concentrations of the siRNA SMART pool also had a smaller but significant activating effect on VKOR activity ( Figure 1B) . Transfection with siRNA against human GAPDH (positive control) and scrambled siRNAs (negative control) ("Materials and methods") provided the expected control data (not shown).
siRNA SMART pool transfection and r-hFIX production
The new information we wanted from these experiments was to determine whether silencing of calumenin would enhance production of functional r-hFIX. Functional r-hFIX purified from the 200 nM calumenin siRNA SMART pool-containing medium had a specific activity of 147 units/mg, 12.1 Ϯ 0.2 mol Gla/mol rhFIX, and the N-terminal sequence N-Tyr-Asn-Ser-Gly identical to human plasma factor IX. SDS-PAGE of the purified protein is shown in Figure 2B (r-HFIX), and factor IX purified from human and bovine plasmas is shown in Figure 2B , lanes HFIX and BFIX, respectively. The stained SDS-PAGE gel indicates that purified r-hFIX did not contain bovine FIX, which potentially could have been a contaminant from fetal bovine serum used in the early stages of culturing engineered BHK cells for r-hFIX production. 10 Figure  2C shows Western blots of functional (FrcEDTA) and nonfunctional (FrcUrea) r-hFIX purified from r-hFIX ϩ VKORC1-overexpressing BHK cells that had not been treated (Figure 2Ci had been treated (Figure 2Cii ) with 200 nM of the siRNA SMART pool. The intensity of the blots shown in each lane is representative of the total isolated amount of protein present in the EDTA and urea fractions containing purified r-hFIX ("Materials and methods"). As can be gleaned from Figure 2C , significantly more functional r-hFIX (FrcEDTA) was produced by the r-hFIX ϩ VKORC1-overexpressing and SMART pool-treated BHK cells (Figure 2Cii ) than from the r-hFIX ϩ VKORC1-overexpressing BHK cells where calumenin had not been silenced with the SMART pool (Figure 2Ci ). Figure 2A shows functional r-hFIX produced in percentage of total r-hFIX produced by (1) r-hFIX-overexpressing (Figure 2Ai ), (2) r-hFIX ϩ VKORC1-overexpressing ( Figure  2Aii ), and (3) r-hFIX ϩ VKORC1-overexpressing and SMART pool-treated (Figure 2Aiii ) BHK cells. For panels i, ii, and iii shown as bar graphs in Figure 2A , the yields were 18%, 50%, and 80%, respectively. We conclude from these data that silencing of calumenin in the r-hFIX ϩ VKORC1-overexpressing BHK cells significantly increased the cells' capacity to ␥-carboxylate the pool of recombinant human factor IX appearing in the lumen of the ER. Consistent with previous results, 10 we found that treating the cells with the siRNA SMART pool did not affect synthesis of r-hFIX. BHK cells stably overexpressing VKORC1 ϩ r-hFIX and these cells treated with 200 nM of the siRNA SMART pool produced 17 Ϯ 3 g (n ϭ 4) and 17 Ϯ 2 g (n ϭ 4) r-hFIX/d/10 6 cells, respectively, which represent mixtures of nonfunctional and functional r-hFIX. Synthesis of functional r-hFIX by the VKORC1 ϩ r-hFIX-overexpressing and siRNA SMART pool-treated BHK cells were estimated to be 13 g/d per 10 6 cells in contrast 3 g/d per 10 6 cells by BHK cells stably overexpressing only r-hFIX.
In summary, we demonstrate in this paper that BHK cells stably overexpressing VKORC1 and r-hFIX, when treated with 150 to 200 nM of the siRNA SMART pool against calumenin, produced significantly more functional r-hFIX coagulation factor as opposed to BHK cells relying on their endogenous vitamin K-dependent ␥-carboxylation system for production. We conclude that we have created a recombinant eukaryotic cell system with high capacity for posttranslational vitamin K-dependent ␥-carboxylation of proteins. Theoretically, all proteins of the vitamin K-dependent protein family 20 could be highly produced as functional proteins by this cell system. As not pursued in this work, cell lines engineered to also stably overexpress calumenin siRNA could be productive cell systems for recombinant vitamin K-dependent proteins used as pharmaceuticals. Since gene deletions of members of the CREC family of proteins to which calumenin belongs have been shown to be lethal, 21 cell lines deficient in the calumenin gene may not be functional. For personal use only. on November 7, 2017 . by guest www.bloodjournal.org From
